Tomato (Solanum lycopersicum), like other Solanaceous species, accumulates high levels of antioxidant caffeoylquinic acids, which are strong bioactive molecules and protect plants against biotic and abiotic stresses. Among these compounds, the monocaffeoylquinic acids (e.g. chlorogenic acid [CGA]) and the dicaffeoylquinic acids (diCQAs) have been found to possess marked antioxidative properties. Thus, they are of therapeutic interest both as phytonutrients in foods and as pharmaceuticals. Strategies to increase diCQA content in plants have been hampered by the modest understanding of their biosynthesis and whether the same pathway exists in different plant species. Incubation of CGA with crude extracts of tomato fruits led to the formation of two new products, which were identified by liquid chromatography-mass spectrometry as diCQAs. This chlorogenate:chlorogenate transferase activity was partially purified from ripe fruit. The final protein fraction resulted in 388-fold enrichment of activity and was subjected to trypsin digestion and mass spectrometric sequencing: a hydroxycinnamoyl-Coenzyme A:quinate hydroxycinnamoyl transferase (HQT) was selected as a candidate protein. Assay of recombinant HQT protein expressed in Escherichia coli confirmed its ability to synthesize diCQAs in vitro. This second activity (chlorogenate:chlorogenate transferase) of HQT had a low pH optimum and a high K m for its substrate, CGA. High concentrations of CGA and relatively low pH occur in the vacuoles of plant cells. Transient assays demonstrated that tomato HQT localizes to the vacuole as well as to the cytoplasm of plant cells, supporting the idea that in this species, the enzyme catalyzes different reactions in two subcellular compartments.
The importance of plant-based foods in preventing or reducing the risk of chronic disease has been widely demonstrated (Martin et al., 2011 (Martin et al., , 2013 . In addition to vitamins, a large number of other nutrients in plant-based foods promote health and reduce the risk of chronic diseases; these are often referred to as phytonutrients. The presence of phytonutrients in fruit and vegetables is of significant nutritional and therapeutic importance, as many have been found to possess strong antioxidant activity (Rice-Evans et al., 1997) . Phenolics are the most widespread dietary antioxidants and caffeoylquinic acids, such as chlorogenic acid (CGA), dicaffeoylquinic acids (diCQAs), and tricaffeoylquinic acids (triCQAs), play important roles in promoting health (Clifford, 1999; Niggeweg et al., 2004) . CGA limits low density lipid oxidation (Meyer et al., 1998) , diCQAs possess antihepatotoxic activity (Choi et al., 2005) , and triCQAs reduce the blood Glc levels of diabetic rats (Islam, 2006) . diCQA derivatives have been shown to protect humans from various kinds of diseases; diCQAs suppress melanogenesis effectively (Kaul and Khanduja, 1998) , show antiinflammatory activity in vitro (Peluso et al., 1995) , and exhibit a selective inhibition of HIV replication (McDougall et al., 1998) . The physiological effects of caffeoylquinic acid derivatives with multiple caffeoyl groups are generally greater than those of monocaffeoylquinic acids, perhaps because the antioxidant activity is largely determined by the number of hydroxyl groups present on the aromatic rings (Wang et al., 2003; Islam, 2006) . Furthermore, both diCQAs and triCQAs may function as inhibitors of the activity of HIV integrase, which catalyzes the insertion of viral DNA into the genome of host cells (McDougall et al., 1998; Slanina et al., 2001; Gu et al., 2007) .
CGA is the major soluble phenolic in Solanaceous crops (Clifford, 1999) and the major antioxidant in the average U.S. diet (Luo et al., 2008) , while different isomers of diCQAs have been identified in many crops such as coffee (Coffea canephora), globe artichoke (Cynara cardunculus), tomato (Solanum lycopersicum), lettuce (Lactuca sativa), and sweet potato (Ipomoea batatas; Clifford, 1999; Islam, 2006; Moco et al., 2006 Moco et al., , 2007 Moglia et al., 2008) . In tomato, CGA accounts for 75% and 35% of the total phenolics in mature green and ripe fruit, respectively, amounting to 2 to 40 mg 100 g -1 dry weight (DW), although levels decline after ripening and during postharvest storage (Slimestad and Verheul, 2009 ). diCQAs and triCQAs also accumulate in tomato fruit (diCQAs, approximately 2 mg 100 g -1 DW; and triCQAs, 1-2 mg 100 g -1 DW; Chanforan et al., 2012) . Three pathways (Villegas and Kojima, 1986; Hoffmann et al., 2003; Niggeweg et al., 2004) have been proposed for the synthesis of CGA: (1) the direct pathway involving caffeoyl-CoA transesterification with quinic acid by hydroxycinnamoyl-Coenzyme A:quinate hydroxycinnamoyl transferase (HQT; Niggeweg et al., 2004; Comino et al., 2009; Menin et al., 2010; Sonnante et al., 2010) ; (2) the route by which p-coumaroyl-CoA is first transesterified with quinic acid via hydroxycinnamoylCoenzyme A transferase (HCT) acyltransferase (Hoffmann et al., 2003; Comino et al., 2007) , followed by the hydroxylation of p-coumaroyl quinate to 5-caffeoylquinic acid, catalyzed by C39H (p-coumaroyl-3-hydroxylase; Schoch et al., 2001; Mahesh et al., 2007; Moglia et al., 2009) ; and (3) the use of caffeoyl-glucoside as the acyldonor (Villegas and Kojima, 1986) . In tomato, the synthesis of CGA involves transesterification of caffeoyl-CoA with quinic acid by HQT (Niggeweg et al., 2004) .
To date, it is not clear whether diCQAs are derived directly from the monocaffeoylquinic acids (such as CGA) through a second acyltransferase reaction involving an acyl-CoA or not, although their structural similarity provides good a priori evidence supporting this hypothesis. Recently the in vitro synthesis of 3,5-diCQA from CGA and CoA by HCT from coffee has been reported (Lallemand et al., 2012) . By contrast, in sweet potato, an enzyme that catalyzes the transfer of the caffeoyl moiety of CGA to another molecule of CGA, leading to the synthesis of isochlorogenate (3,5-di-O-caffeoylquinate), has been described, but the corresponding gene has not been identified (Villegas and Kojima, 1986 ).
We report a chlorogenate:chlorogenate transferase (CCT) activity leading to the synthesis of diCQAs in tomato fruits and describe how alternative catalysis, by a single enzyme, leads to the production of both CGA and diCQA in different cellular compartments.
RESULTS

Identification of an Enzyme Activity Involved in diCQA Synthesis in Tomato
We incubated crude extracts of tomato fruit with CGA and detected the formation of three new products, absent in the negative control reactions (Fig. 1) . The products were identified by liquid chromatography (LC)-photodiode array detector (PDA)-tandem mass spectrometry (MS/MS) analysis (Supplemental Fig. S1 ) comparing their UV profiles and mass fragmentation patterns to those obtained from the analysis of diCQA standard mixture ( The three isomers were identified respectively as 1,5-diCQA, 3,5-diCQA, and 4,5-diCQA by comparison with authentic standards. This showed that the synthesis of dicaffeoyl quinates in tomato occurs through CCT activity. When tomato crude extracts were tested in the presence of CGA and caffeoyl-CoA (crude plus caffeoylCoA; Fig. 1 ) for acyl transferase activity, no increase in diCQA content was detected.
Optimization of the Enzyme Assay
The effect of pH on the catalytic activity of the enzyme was tested from pH 3 to 7. CCT activity was highest at (Fig. 3A) without any cofactor requirements, although addition of MgCl 2 (2.5 mM) and dithiothreitol (DTT; 1 mM) increased activity slightly. The reaction showed typical Michaelis-Menten kinetics with increasing CGA concentrations and gave a K m for CGA of 16 6 3 mM (Fig. 3B) . The activity was irreversible because when crude extracts were incubated in the presence of diCQA (3, 4, or 1, and quinic acid, no substrate was consumed or product formed.
CCT activity and diCQA levels were determined at different stages during fruit ripening (green, breaker, turning, pink, and red). An increase in CCT activity was observed during ripening, reaching a maximum of 0.036 nkat mg -1 protein in the peel of red fruit (Fig. 4A ). The levels of diCQAs also increased during ripening, reaching a maximum in fully ripe tomatoes (Fig. 4B) . Peel tissue had slightly higher levels of CCT activity (0.034 6 0.0034 nkat mg -1 total protein) than flesh tissue (0.027 6 0.002 nkat mg -1 total protein) and correspondingly higher levels of diCQAs (Fig. 4C) .
Purification of CCT Activity
Protein extracts from red fruit exhibiting high enzymatic activity were used for enzyme purification (Supplemental Table S1 ). A 45% to 60% ammonium sulfate-precipitated protein fraction (21.7-fold purification) was separated by ion-exchange chromatography, resulting in a fraction with a specific activity of 1.34 nkat mg -1 protein, corresponding to a purification of 388-fold (Supplemental Table S1 ). This protein fraction was subjected to trypsin digestion and mass spectrometric sequencing. The list of peptide masses was aligned with predicted tryptic digests of known proteins by MASCOT (Supplemental Table S2 ). These peptide sequences were used to interrogate the EST database of tomato to search for potential candidates for CCT. Among the peptides obtained from mass spectrometric analysis, an HQT protein (Q70G32) was selected as a good candidate for further investigation as two unique peptides from the tryptic digest (IWSSNLDLIVGR and SALDYLELQPDLSTLIR) matched exactly the predicted peptide sequence of this gene.
CCT Activity of Enzyme Expressed in Escherichia coli
As previously described, the tomato BAHD acyl transferase HQT (SlHQT) can use quinic acid as an acceptor with caffeoyl-CoA and p-coumaroyl-CoA donors for the synthesis of CGA and coumaroyl quinate, respectively (Niggeweg et al., 2004) . (The acyl-CoA-dependent BAHD superfamily is defined by the names of the first four acyltransferase enzymes of the family isolated from plant species; D' Auria, 2006.) The crude enzyme extract of E. coli expressing SlHQT was incubated in the presence of high quantities of CGA, according to the optimum conditions determined for the CCT activity in crude extracts of tomato fruit. In the presence of SlHQT, we detected the formation of three new products, absent in control reactions. These were identified as 1,5-, 3,5-, and 4,5-diCQA acid on the basis of UV spectra, the deprotonated [M21]
-and protonated [M+1] + molecular ions and by comparison to authentic standards (Fig. 5 , wild-type protein; Supplemental Fig. S3 ). When SlHQT was assayed in the reverse direction (using, alternatively, 1,5-, 3,5-, 4,5-diCQA acids and quinic acid as substrates), no activity was detected. The affinity of SlHQT as CCT for CGA as an acceptor (K m = 19 6 2 mM) was very similar to that observed earlier in crude extracts of tomato (K m = 16 6 3 mM).
To gain insight into the involvement of SlHQT in diCQA synthesis, the levels of transcripts were measured by means of real time quantitative PCR, using ubiquitin to normalize expression. The levels of expression were 5.9-, 8.7-, 12.0-, and 24.5-fold higher in breaker, turning, pink, and red fruits, respectively, compared with green-stage tissue, indicating an increase of gene expression levels during ripening of tomato fruits, with a peak at the red ripe stage (Supplemental Fig. S4 ).
Subcellular Localization of SlHQT
The subcellular localization of SlHQT was investigated using two vectors expressing the SlHQT complementary DNA (cDNA) under the control of the 35S promoter, such that the SlHQT protein was fused at its C terminus to either enhanced yellow fluorescent protein (EYFP) or monomeric red fluorescent protein (mRFP). Plasmid DNA was bombarded into onion (Allium cepa) epidermal tissue, because these cells have no chloroplasts and fluorescence could be observed free from interference from chlorophyll ( Fig. 6) . As a control, a vector for expression of EYFP or mRFP alone, under the control of the 35S promoter, was also bombarded into onion epidermis.
Both SlHQT:EYFP-and EYFP-transformed cells showed clear cytoplasmic localization, indicated by strong fluorescence at the periphery of the cells and in cytoplasmic strands (Fig. 6 , A-D). However, in contrast to 35S:EYFP, a faint fluorescence was also observed with SlHQT:EYFP in vacuolar regions, particularly in epidermal cells incubated for 96 h in the dark, implying that there might be low levels of SlHQT in vacuoles as well as in the cytoplasm (Fig. 6, B and D) . Because mRFP is particularly stable at low pH (Hunter et al., 2007) , transient assays were repeated with 35S:SlHQT:mRFP compared with 35S:mRFP. Again, the predominant fluorescence was cytoplasmic, as evidenced by the strong fluorescence from the zone delimiting the inner edge of the cells and the occasional cytoplasmic strands. The nucleus also fluoresced strongly, similar to 35S:mRFP. However, fainter fluorescence from SlHQT:mRFP was clearly visible in the vacuolar region of the cells, particularly in samples incubated for 96 h in the dark ( (Fig. 6J) . Cells expressing both plasmids showed that SlHQT:mRFP was in the vacuole while EYFP was completely cytoplasmic ( Fig. 6K; Supplemental Fig. S5 ). This demonstrated that SlHQT is localized in vacuoles as well as in the cytoplasm of plant cells.
Structural Features Determining the Duel Catalytic Activity of SlHQT/CCT
SlHQT in tomato appears to be capable of using two types of acyl donor. It uses caffeoyl-CoA or p-coumaroylCoA as acyl donors and quinate as the acyl acceptor in the synthesis of CGA (Niggeweg et al., 2004 ), but it is also able to use CGA as both acceptor and acyl donor in the synthesis of diCQAs (Fig. 7A) .
The 3,5-diCQA isomer could be made in one step by a CCT, but the 4,5 isomer would likely require an additional spontaneous acyl migration from the 3 to the 4 position ( Fig. 7A) , as suggested by Lallemand et al. (2012) . We generated a homology model of HQT with Swiss model (Guex and Peitsch, 1997) using the 4KEC (a ternary complex form) structure of sorghum (Sorghum bicolor) HCT (SbHCT) bound to p-coumaroyl-shikimate described by Walker et al. (2013) . The Arg-371 residue of SbHCT approaches the shikimate ring from the same face as the transferred acyl group and forms an H-bonding interaction with the carboxyl group of shikimate with a distance of 2.7 Å (Fig. 7B) . In SlHQT, the equivalent Arg-352 would be expected to form a similar interaction with quinate, except that its carboxyl group is out of the plane of the ring unlike with shikimate. On the other face of the acceptor substrate and opposite the Arg residues, His-276 in SlHQT is equivalent to Tyr-296 in SbHCT. For the CCT reaction to occur, CGA would have to bind with its ring in the opposite orientation such that its carboxyl group would more likely engage with His-276 of SlHQT rather than Arg-352. The low pH optimum of the CCT reaction implies that His-276 would be positively charged and able to form a favorable interaction with CGA in this orientation, only at low pH. The absence of a potentially positively charged residue at this location in its active site would suggest that SbHCT does not have CCT activity.
To examine the role of this specific amino acid on the enzymatic activity of SlHQT, we selectively changed His-276 to Tyr-276. The activity of the H276Y mutant was compared with that of the unmutated enzyme in the CCT reaction. The SlHQT H276Y mutant showed significantly lower production of diCQA in the CCT reaction when compared with wild-type SlHQT protein (58% of wild-type activity; 0.0021 6 0.0001 nkat mg , P , 0.01 Student's t test; Fig. 5; Supplemental Fig. S3 ). The H276Y mutation barely affected the activity of the enzyme as HQT in CGA synthesis, as monitored by activity with caffeoyl-CoA and quinic acid assayed using the spectrophotometric method (Niggeweg et al., 2004) on the same extracts (92% of wild-type activity; 11.16 6 0.3 nkat mg -1 for H276Y protein compared with 12.16 6 0.4 nkat mg -1 for wild-type SlHQT). Alignment of sequences of enzymes shown to encode HCT from different plants species indicated that in all HCT proteins, the residue equivalent to Tyr-296 in SbHCT was also Tyr (Supplemental Fig. S6 ). Alignment of sequences of enzymes with HQT activity from Solanaceous species (tomato, tobacco (Nicotiana tabacum), and potato (Solanum tuberosum); Niggeweg et al., 2004) , coffee (Lepelley et al., 2007) , and globe artichoke Menin et al., 2010; Sonnante et al., 2010) showed that in HQT from Solanaceous species, the residue equivalent to Tyr-296 was His (His-276 in SlHQT), but in HQT from other species, this residue was Tyr (Fig. 8) . We tested whether the HQT from globe artichoke (possessing Tyr-276 instead of His-276) had CCT activity following expression in E. coli, but only traces of diCQAs were detected following incubation with CGA at pH 5 (Supplemental Fig. S7 ). These data confirmed our structural analysis, suggesting that the His at position 276 in SlHQT plays a key role in CCT activity and also suggesting that although CCT activity is likely responsible for diCQA formation in Solanaceous species, diCQAs may form by other routes in other plant species.
DISCUSSION
Assays of crude extracts of tomato confirmed an early report of the synthesis of isochlorogenic acid (3,5-diCQA) in sweet potato through an enzyme reaction in which CGA acts both as acyl donor and acceptor (Villegas and Kojima, 1986; Fig. 7A) . These data suggest the presence, in tomato, of a CCT, which catalyzes the formation of diCQAs using CGA as acyl donor. The increase in CCT activity correlated well with increases in levels of diCQAs with advancing fruit ripening (Fig. 4A) . As previously observed by Moco et al. (2007) , we detected increases in diCQA isomers in tomato epidermis upon ripening; their increase was lower in flesh (Fig. 4C) , probably as a consequence of a lower CCT activity.
Partial purification of CCT activity and identification of proteins in the enriched fraction suggested HQT (an enzyme already known to bind CGA) as a candidate for CCT activity. In most cases, acyltransferases involved in hydroxycinnamate synthesis use CoA thioesters (for example, caffeoyl-CoA) as acyl donors (D'Auria, 2006). There is one reported case in which CGA is used as an acyl donor in tomato: chlorogenate:glucarate caffeoyltransferase, a lipase-like protein that catalyzes the transfer of the caffeoyl moiety of CGA to the acceptor molecule glucarate (Strack and Gross, 1990; Teutschbein et al., 2010) .
Tomato CCT activity is optimal at pH 4 ( Fig. 3A ) and seems likely to be biologically relevant only when the HQT enzyme is located within the vacuole of tomato cells, where an acid pH prevails. Vacuolar localization of CCT activity would favor diCQA biosynthesis, because high vacuolar concentrations of CGA could promote diCQA biosynthesis despite the relatively low affinity of CCT for CGA. In the cytoplasm, SlHQT could act as a BAHD acyl transferase at pH 6 to 7 in the presence of aromatic acyl-CoA donors (K m , 0.3 6 0.1 mM) with a high affinity for CGA (K m , 0.05 mM) and V max of 119 and 58 nkat mg -1 protein (forward and reverse reactions, respectively; Niggeweg et al., 2004) . By contrast, it could act as a CCT in the vacuole at pH 4 to 5 in the absence of aromatic acyl-CoA donors and presence of relatively high concentrations of CGA allowing activity despite a low affinity for CGA (K m , 16 6 3 mM) and a V max of 0.12 6 0.01 nkat mg Walker et al., 2013) . A, Proposed reaction scheme for diCQA synthesis by CCT using CGA as the acyl donor as well as the acyl acceptor compared with the BAHD activity of HQT and HCT using caffeoyl-CoA as the acyl donor and quinate as the acyl acceptor, respectively. B, Structure of sorghum HCT (Protein Data Bank code 4KEC; Walker et al., 2013 ) with a superposed homology model of SlHQT based upon this structure. CGA would have to bind to SlHQT with its carboxyl group facing away from the Arg residue, allowing a favorable electrostatic interaction between His-276 and CGA that would promote CCT activity.
activity, but in the context of fruit ripening, over a period of days, this level of activity is sufficient. Thus, SlHQT likely performs two distinct functions in the very different cytoplasmic and vacuolar subcellular compartments. SlHQT was consistently localized in the vacuole lumen as well as in the cytoplasm when monitored by C-terminal fluorescent tags in transient assays (Fig. 6 ). This dual localization was distinct from mRFP or EYFP expressed without the fusion protein, which were exclusively cytoplasmically localized. We suggest that once significant amounts of CGA have been synthesized in the cytoplasm and transported to the vacuole for storage, tomato HQT moonlights by participating in diCQA synthesis in the vacuole.
The BAHD activity of SlHQT is freely reversible (Niggeweg et al., 2004) , whereas that of CCT is irreversible. Consequently, CGA can accumulate only if it is sequestered in the vacuoles of cells. There, in high concentrations, at low pH, and in the absence of acyl-CoA donors, SlHQT can form diCQAs through its CCT activity.
This possibility is supported by the close association between levels of CGA and levels of diCQAs in tomato under different cultivation conditions (Vallverdú-Queralt et al., 2012) and between HQT expression levels and CCT activity observed during fruit ripening ( Fig. 4;  Supplemental Fig. S4 ). Although our results indicate that HQT is localized in vacuoles as well as in the cytoplasm, we do not yet know whether transport to the vacuole involves an active transport mechanism. The fact that SlHQT is present in the vacuole gives significance to the CCT activity despite its high K m and low pH optimum.
In coffee, the synthesis of diCQAs has been proposed to occur via an uncharacterized activity of HCT on CGA and CoA (Lallemand et al., 2012) , while in tomato, diCQAs appear to be synthesized by a different route involving the CCT activity of SlHQT.
Site-directed mutagenesis of SlHQT confirmed the role of His-276 in the CCT reaction (Fig. 5) . Interestingly, HQT from globe artichoke, which has a Tyr residue rather than a His residue at the position equivalent to His-276 in SlHQT, had very low CCT activity when assayed under optimized conditions in vitro. This suggests that the ability to moonlight in the production of diCQAs may be limited to HQT enzymes from Solanaceous species that carry a His residue at an appropriate position for interaction with the carboxyl group of the quinate moiety of the CGA donor molecule, under conditions of relatively low pH (,5). Presumably, species lacking HQT or HCT enzymes with His in this position may use different mechanisms to form diCQAs, and alternative routes may have arisen by convergent evolution in different families of plants.
Our results broaden the view of one enzyme-one activity and suggest that changing subcellular environments may diversify the range of products of secondary metabolism. This concept could operate in acyl decoration of other plant natural products. It also informs the design of successful strategies to biofortify crops with diCQAs through metabolic engineering.
MATERIALS AND METHODS
Plant Material
Tomato (Solanum lycopersicum) 'MicroTom' was grown in the greenhouse at the John Innes Centre. Fruits were harvested at different stages of development: green, breaker, turning, pink, and red stages. From these fruit, the peel was separated from the flesh, and both tissues were frozen immediately in liquid nitrogen and stored at -80°C. Both the peel and the flesh tissues were tested for their enzyme activity as well as for their metabolite content using LC-mass spectrometry (MS).
Enzyme Assay
Tomato fruit (1 g) was ground to a fine powder in liquid nitrogen and extracted with 5 mL of extraction buffer (50 mM MOPS and 1 mM DTT). After stirring for 40 min at 4°C, the homogenate was centrifuged at 13,250g for 30 min. The clear supernatant obtained constituted the crude enzyme extract. Each 40 mL of enzyme assay reaction contained 100 mM sodium phosphate buffer (tested at pH 3-7), 1 mM DTT, 2.5 mM MgCl 2 , 1 mM EDTA, CGA (0-21 mM), and 10 mL of protein solution. The same enzyme reaction was also performed with caffeoyl-CoA (1 mM) combined with 1 mM CGA (provided by SIGMA). Reactions were incubated for 90 min at 30°C, extracted with 20 mL of acetonitrile, and analyzed by LC-MS. Protein concentration was quantified according to Bradford (1976) by using bovine serum albumin as internal standard.
Enzyme Extraction and Purification
Tomato fruit (60 g) was ground to a fine powder in liquid nitrogen and extracted with 300 mL of extraction buffer (50 mM MOPS and 1 mM DTT). After stirring for 40 min at 4°C, the homogenate was centrifuged at 13,250g for 30 min. The clear supernatant constituted the crude enzyme extract. The supernatant was made up to 25%, 45%, and 60% saturation with finely ground (NH 4 ) 2 SO 4 , and the proteins were collected by centrifugation at 13,250g at 4°C. The proteins were dissolved into 20 mL of potassium phosphate buffer (0.2 M, pH 7). The protein fraction with the highest enzymatic activity was dialyzed against Tris HCl (20 M, pH 8) for 4 h and then applied to a MonoQ (Pharmacia) column (1 mL) preequilibrated with Tris HCl, pH 7.5. Proteins were eluted with a gradient of 0 to 1 M NaCl in 20 mM Tris-HCl, pH 8, at a flow rate of 0.5 mL min -1 , and 0.5-mL fractions were collected. The fractions obtained were tested for their enzyme activity.
Protein MS
The fractions having the highest enzyme activities were concentrated and desalted for separation by 10% (w/v) SDS-PAGE using a Micron YM-10 filter (Millipore). Protein samples were reduced, alkylated, and digested with trypsin according to standard procedures using urea as the denaturing agent. The peptides generated by the tryptic digestion were redissolved in 0.1% (v/v) trifluoroacetic acid. For LC-MS/MS analysis, a sample aliquot was applied via a nanoAcquity UPLC system (Waters) running at a flow rate of 250 nL min -1 to an LTQ-Orbitrap mass spectrometer (Thermo Fisher). Peptides were trapped using a precolumn (Symmetry C18, 5 mm, 180 mm 3 20 mm, Waters) that was then switched online to an analytical column (BEH C18, 1.7 mm, 75 mm 3 250 mm, Waters) for separation. Peptides were eluted with a gradient of 5% to 40% (v/v) acetonitrile in water per 0.1% (v/v) formic acid at a rate of 0.66% min -1 . The column was connected to a 10-mm SilicaTip nanospray emitter (New Objective) attached to a nanospray interface (Proxeon). The mass spectrometer was operated in positive ion mode at a capillary temperature of 200°C. The source voltage and focusing voltages were tuned for the transmission of Met-Arg-Phe-Ala peptide (m/z 524; Sigma-Aldrich). Datadependent analysis was carried out in Orbitrap-IT parallel mode using collisioninduced dissociation fragmentation on the five most abundant ions in each cycle. The collision energy was 35, and an isolation width of 2 was used. The Orbitrap was run with a resolution of 30,000 over the MS range from m/z 350 to m/z 2,000 and an MS target of 106 and 1-s maximum scan time. The MS/MS was triggered by a minimal signal of 5,000 with an automatic gain control target of 2 3 104 ions and 150-ms scan time.
For selection of 2+ and 3+ charged precursors, charge state and monoisotopic precursor selection were used. Dynamic exclusion was set to 1 count and 40-s exclusion, with an exclusion mass window of 60.1 D. MS scans were saved in profile mode while MS/MS scans were saved in centroid mode.
Raw data files were processed in Proteome Discoverer (Thermo Fisher) to generate an mgf file that was submitted for a database search using an in-house MASCOT 2.2.06 Server (Matrixscience). Searches were performed on the SPtrEMBL database (Sprot_sptrembl20100302.fasta) with taxonomy set to Solanum lycopersicum (Lycopersicon esculentum) using 5-ppm precursor tolerance, 0.5-D fragment tolerance, one missed cleavage, and carbamidomethylation as fixed and oxidation as variable modifications. MASCOT search results were imported and evaluated in Scaffold 3_00_01 (Proteome Software).
Enzyme Expression in Escherichia coli and CCT Enzyme Assay
His-mutated SlHQT (H276Y, His-276 replaced by Tyr-276) was obtained by Geneart (Life Technologies). The native and His-mutated SlHQT were subcloned in frame into the NotI and BamHI sites of the p-GEX 4T1 vector. The cDNA encoding the native globe artichoke (Cynara cardunculus) HQT (ABK79689) was subcloned in frame into the EcoRI and XhoI sites of the p-GEX 4T1 vector.
Recombinant plasmids p-GEX 4T1 vector (containing the cDNAs encoding the globe artichoke HQT and native and His-mutated SlHQT) were used to transform E. coli BL21(DE3)pLysE that was grown on selective medium. Transformants and control colonies were inoculated in 10 mL of Luria-Bertani medium, with 1% (w/v) Glc and selective antibiotics (ampicillin and chloramphenicol) . The overnight cultures were diluted 1:25 in 50 mL of Luria-Bertani medium in the presence of selective antibiotics and incubated until the optical density at 600 nm reached 0.6. At this point, isopropyl b-D-1-thiogalactopyranoside was added to a final concentration of 1 mM, and the cultures were grown overnight at 28°C with shaking at 250 rpm. Cultures were centrifuged (3,500g, 5 min), and cells were resuspended in 1 mL of phosphate-buffered saline (pH 7.4) and lysed by three cycles of freezing (in liquid nitrogen) and thawing (at 37°C). Following sonication (five cycles, 30 s, 125 W, 20 kHz), the solution was clarified by centrifugation (11,000g, 5 min), and the supernatant was assayed for enzyme activity.
Each 100 mL of enzyme assay reaction contained 100 mM sodium phosphate buffer (pH 5), 1 mM DTT, 2.5 mM MgCl 2 , 1 mM EDTA, 5 mM CGA (provided by SIGMA), and 40 mL of protein solution. Reactions were incubated for 90 min at 30°C, extracted with 50 mL of acetonitrile, and analyzed by LC-MS. The reverse reactions with diCQA (3,5, 4,5, or 1,5) contained 100 mM sodium phosphate buffer (tested at pH 5-8), 1 mM DTT, 2.5 mM MgCl 2 , 1 mM EDTA, 1 mM diCQAs, 1 mM quinic acid, and 40 mL of bacterial extract. diCQA isomer standards were provided by Transmit. HQT activity in CGA synthesis was assayed using the spectrophotometric method as described by Niggeweg et al. (2004) . Data were analyzed by Student's t test and presented as mean 6 SD, and differences were considered significant at P , 0.05.
SlHQT protein was also expressed in E. coli using the pSTAG vector (Niggeweg et al., 2004) and was used for the evaluation of kinetic parameters. The concentration of the fusion protein was determined using the S-TAG rapid assay kit (Novagen). For measuring the K m with CGA, 0.58 mg of enzyme, 1 mM DTT, 2.5 mM MgCl 2 , 1 mM EDTA, and 1 to 24 mM CGA were used. An HPLC calibration curve was established for each molecule for quantification purposes. K m and V max values were estimated in at least duplicate by fitting MichaelisMenten curves directly using SigmaPlot.
Identification and Quantification of diCQAs
The identification and the quantification of diCQAs were performed by LC-PDA-MS/MS. The analyses were carried out on a Shimadzu Nexera X2 system equipped with a photodiode detector SPD-M20A in series to a triple quadrupole Shimadzu LCMS-8040 system provided with electrospray ionization source. An Ascentis Express C18 column (150-3 2.1-mm i.d., 2.7-mm particle size; Supelco) was used. The analysis conditions were: for the mobile phase, eluent A, 0.1% (v/v) formic acid in water; and eluent B, 0.1% (v/v) formic acid in acetonitrile; and the mobile phase gradient was as follows: 5% to 25% B in 10 min, 25% to 40% B in 5 min, 40% to 100% B in 5 min, and 100% B for 1 min. Injection volume was 5 mL, the flow rate of the mobile phase was 0.4 mL min -1 , and the column was maintained at 30°C. UV spectra were acquired in the 210-to 450-nm wavelength range, and the resulting chromatograms were integrated at 325 nm.
The identification of the components was based on their UV spectra and mass spectral information in Multiple Reaction Monitoring (MRM) mode in both positive and negative ionization mode (respectively, ESI + and ESI 2 ). MS operative conditions were heat block temperature, 400°C; nebulizing gas (nitrogen) flow rate, 3 min -. The quantification of diCQAs was undertaken on the PDA profiles (at 325 nm) using the external calibration method. A three-point calibration curve was built analyzing, in triplicate, the pure standard of 4,5-diCQA in the range of 100 to 500 ppb. The determination coefficient was 0.9951.
Subcellular Localization of SlHQT
Tomato HQT was amplified from cDNA using primers for Gateway recombination (HQTF, 59-GGGGACAAGTTTGTACAAAAAAGCAGGCTA-TGGGAAGTGAAA-AAATGATGAAAATTAATATC-39; and HQTR, GGGGACC-ACTTTGTACAAG-AAAGCTGGGTATAATTCATATAAATATTTTTCAAATAG-39) and recombined into entry vector pDONR207. The resulting clone was recombined into pB7YFWG2.0 for EYFP fusions and pB7RWG2.0 for mRFP fusions (Karimi et al., 2002) . To construct the 35S:EYFP and 35S:mRFP control vectors, pB7YWG2.0 and pB7RWG2.0 were cut with EcoRV and SpeI (to remove the Gateway destination cassette), filled in with the Klenow fragment of DNA polymerase, and self-ligated to yield 35S:EYFP and 35S:mRFP, respectively. Plasmid DNA was prepared using a Qiagen mini-prep kit. Bombardment was conducted using a particle inflow helium gun based on the design of Vain et al. (1993) . Onion (Allium cepa) epidermal tissue was prepared freshly from large onions and rinsed in sterilized and distilled water. Plasmid DNA (5 mg) was precipitated onto 2-mg gold particles (1.0-mm diameter) through the addition of 50 mL of 2.5 M CaCl2 and 20 mL of 100 mM spermidine. After precipitation, 90 mL of supernatant was discarded, and particles were washed twice in ethanol and resuspended in 50 mL of ethanol. Gold particles were prepared immediately before use. For bombardment, tissue was placed on Murashige and Skoog (1962) medium plus 8% (w/v) agar (MS medium) in a petri dish, within the desiccator in the gun range of 120 to 160 mm. Tissue was bombarded with 7 mL of gold suspension using a 50-ms burst of helium at a pressure of 7,580 kPa within a vacuum of 298 kPa. After bombardment, tissue was incubated on MS medium at 20°C in the dark for 24 or 96 h. Bombarded tissue was imaged using a Zeiss 510 Meta Confocal microscope. For EYFP, a 488-nm laser line was used, and emission at 500 to 550 nm was imaged. For mRFP, a 561-nm laser line was used, and emission at 570 to 615 nm was imaged using a 325, 0.7 multiimmersion objective. Images were processed using Fiji (http://fiji.sc/wiki/index.php/Fiji).
Bioinformatic Analysis of Tomato HQT
Homology model of SlHQT was performed with Swiss model (Guex and Peitsch, 1997) using the 4KEC structure of SbHCT bound to p-coumaroyl-shikimate described by Walker et al. (2013) . Alignment of sequences of enzymes shown to encode HCT and HQT from different plants species was performed by means of ClustalW set with standard parameters.
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